NEO1 is an essential gene in budding yeast and belongs to a highly conserved subfamily of P-type ATPase genes that encode phospholipid flippases. Inactivation of temperature sensitive neo1 ts alleles produces pleiomorphic defects in the secretory and endocytic pathways, including fragmented vacuoles. A screen for multicopy suppressors of neo1-2 ts growth defects yielded YPT7, which encodes a Rab7 homolog involved in SNARE-dependent vacuolar fusion. YPT7 suppressed the vacuole fragmentation phenotype of neo1-2, but did not suppress Golgi-associated protein trafficking defects. Neo1 localizes to Golgi and endosomal membranes and was only observed in the vacuole membrane, where Ypt7 localizes, in retromer mutants or when highly overexpressed in wild-type cells. Phosphatidylethanolamine (PE) has been implicated in Ypt7-dependent vacuolar membrane fusion in vitro and is a potential transport substrate of Neo1. Strains deficient in PE synthesis (psd1D psd2D) displayed fragmented vacuoles and the neo1-2 fragmented vacuole phenotype was also suppressed by overexpression of PSD2, encoding a phosphatidylserine decarboxylase that produces PE at endosomes. In contrast, neo1-2 was not suppressed by overexpression of VPS39, an effector of Ypt7 that forms a membrane contact site potentially involved in PE transfer between vacuoles and mitochondria. These results support the crucial role of PE in vacuole membrane fusion and implicate Neo1 in concentrating PE in the cytosolic leaflet of Golgi and endosomes, and ultimately the vacuole membrane.
Introduction
Biological membranes are an assembly of protein and lipid molecules organized into a bilayer structure with 2 distinct surfaces. Integral membrane proteins are intrinsically asymmetric and display functionally unique domains on opposite sides of the membrane. The phospholipid composition of the 2 leaflets of a membrane can also be very different and this transverse asymmetry has substantial physiological implications for the membrane system. 1, 2 Lipid molecules enriched on the cytosolic leaflet of the plasma membrane include phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol and phosphoinositides, whereas sphingolipids, glycosphingolipids and phosphatidylcholine are typically enriched in the extracellular leaflet. 3 Phospholipid asymmetry is crucial for recruitment of specific peripheral membrane proteins and the function of numerous transporters and channels within the membrane. Thus, the appropriate asymmetric organization is important for many membrane-centered processes, including signal transduction, cell motility, cell polarity, cell division, vesicular transport and transport of ions and other molecules across the bilayer. 1 Phospholipid asymmetry is controlled by flippases, floppases and scramblases; proteins that facilitate interleaflet transport of phospholipid molecules. The type IV P-type ATPases (P4-ATPases) catalyze a unidirectional, ATP-dependent, inward flip of specific phospholipid species from the extracellular leaflet of the plasma membrane to the cytosolic leaflet (flippase activity). 4, 5 PS and PE are common substrates of P4-ATPases, which appear to be primarily responsible for establishing the asymmetric distribution of these aminophospholipids in the cytosolic leaflet. 6 ABC transporters in the multidrug resistance (MDR) family can catalyze outward flop of phospholipids from the cytosolic leaflet to the extracellular leaflet (floppase activity), but often with less headgroup specificity as compared to the flippase activity catalyzed by the P4-ATPases. 7 The combined activities of the flippases and floppases set the asymmetric membrane structure, which can be rapidly dissolved by activation of a scramblase. 8 TMEM16F and Xkr8 appear to be the scramblases responsible for the regulated exposure of PS in the extracellular leaflet of the plasma membrane required for blood clotting reactions and recognition of apoptotic cells, respectively. 9, 10 The asymmetric phospholipid organization of the plasma membrane and its physiological significance is becoming clear; however, less is known about how the membrane organization of intracellular organelles influences their function. Eukaryotic cells typically express multiple P4-ATPases and many of these flippases reside within Golgi and endosomal membranes. 2 For
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example, the budding yeast Saccharomyces cerevisiae expresses 5 P4-ATPases; Drs2, Neo1, Dnf1, Dnf2 and Dnf3. 11 Only Dnf1 and Dnf2 are present on the plasma membrane of growing cells, although these P4-ATPases also localize to Golgi and endosomal membranes.
11 Drs2 and Dnf3 localize primarily to the trans-Golgi network and Neo1 appears to be broadly distributed through the Golgi and endosomal system. [11] [12] [13] [14] As membrane flows rapidly by vesicular transport between the Golgi, plasma membrane, endosomes and vacuole, the activity of a P4-ATPase in the Golgi should influence the organization of all of these membranes. ATP9A and ATP9B, the mammalian orthologs of Neo1, also localize to Golgi and endosomal membranes. 15 In contrast, TAT-5 in Caenorhabditis elegans (Neo1 ortholog) is reported to localize to the plasma membrane and inactivation of TAT-5 leads to the specific exposure of PE in the plasma membrane outer leaflet. 16 This result suggests that PE could be the primary substrate of Neo1/TAT-5/ATP9 subgroup of P4-ATPases, although none of these proteins have been purified and assayed in a reconstituted system to clearly define their substrate preferences.
To better understand why NEO1 is an essential gene in budding yeast, several temperature-sensitive (ts) alleles of neo1 have been recovered and used to analyze the cellular consequences of acutely inactivating Neo1 function. 12, 14 The phenotypes observed are pleiomorphic and include defects in COPI-dependent protein transport from the Golgi to the ER, defects in GGA/clathrin-dependent protein transport from the ER to late endosome, and exposure of both PS and PE in the outer leaflet of the plasma membrane. 12, 14, 17 Loss of PS and PE membrane asymmetry in neo1-1 cells is observed even at a permissive growth temperature (27 C) , but a more extensive exposure of PE occurs upon shift to a semipermissive temperature of 30 C where Neo1 is sufficiently inactivated to cause a modest growth defect. 17 Golgi glycosylation reactions are also perturbed in neo1-ts cells giving rise to defects in the cell wall. 12 Perhaps as a consequence of the cell wall defects, neo1-1 cells grown at permissive temperature are larger and more elongated than normal. 12 Inactivation of neo1-1 also causes a V-ATPasedependent hyperacidification of vacuoles by nearly 1 pH unit, and the vacuoles in neo1-1 cells are fragmented. 12, 18 This latter phenotype implicates Neo1 in the process of vacuole membrane fusion.
Yeast vacuoles are a large organelle typically present in one to 3 copies per cell, but constantly undergo fission and fusion reactions to maintain this steady state copy number. 19 Vacuole fusion is a SNARE-dependent process regulated by the Rab protein Ypt7 and the HOPS tethering complex. 20 Ypt7 specifically recruits the multisubunit HOPS complex to the vacuole leading to close apposition of adjacent vacuole membranes along a boundary called the vertex ring.
21 Ypt7:GTP bound to HOPS then promotes the formation of a trans-SNARE complex that ultimately drives membrane fusion of the 2 bilayers. 20, 22, 23 A specific set of lipids also play a crucial role in vacuole membrane fusion in vivo, with isolated vacuoles in vitro and in reconstituted liposome fusion assays that recapitulate the role of all of the major protein complexes acting in vacuole fusion. 22, 24 Ergosterol, diacylglycerol (DAG), phosphatidic acid (PA), phosphoinositides and PE have all been implicated in the vacuole membrane fusion reaction. 22, 24, 25 Strains deficient in production of ergosterol, DAG and phosphoinositides display fragmented vacuoles. 26, 27 In addition, reagents that deplete or mask these 3 lipids inhibit fusion of vacuoles in vitro and these lipids are concentrated at the site of membrane fusion, the vertex ring, along with the fusion proteins. 26, 28 The vacuole lipids stimulate a proteoliposome fusion assay that reconstitutes SNARE-, Ypt7-and HOPS-dependent membrane fusion, with phosphatidylcholine (PC), PI3P, PA and PE representing the minimal set of required lipids. 22 ,24 PE has a major influence on the proteoliposome fusion assay, 24 but unlike most of the other lipids that facilitate fusion, a role for PE had not emerged from in vivo studies of vacuole fusion. The data presented herein indicates that PE in the cytosolic leaflet of the membrane is an important regulator of the SNARE-mediated vacuole fusion reaction in living cells.
Results
Neo1 is a membrane protein with 10 membrane-spanning segments (Fig. 1A , gray segments), cytosolic N-and C-termini, and large cytosolic loops involved in ATP hydrolysis (Fig. 1A , white segments). Six neo1 ts alleles (neo1-1 to neo1-6) were produced by error-prone PCR for functional studies and each allele bears 6 to 16 mutations. 12 The relative positions of neo1-1 and neo1-2 mutations, which are non-overlapping, are shown in Fig. 1A . We had previously screened for multi-copy (2 m) suppressors of neo1-1 as an approach to identify processes linked to Neo1 function. 18 This screen identified several genes encoding subunits of the V-ATPase responsible for acidifying the lumen of vacuoles, endosomes and Golgi compartments. Overexpression of a single subunit perturbs assembly of the V-ATPase complex, thus attenuating V-ATPase activity. 29 The results of the suppressor screen led to the discovery that neo1-1 mutants hyperacidify internal organelles and this partially contributes to the growth defects of neo1-1 at nonpermissive temperatures. 18 However, we noticed that neo1-2 was not suppressed by overexpression of VMA11 (encoding the V-ATPase c' subunit) nearly as well as neo1-1. Growth of neo1-2 at the semi-permissive temperature of 34 C was marginally improved by VMA11 overexpression (compare 2m VMA11 to the empty vector control for neo1-2 colony size), whereas neo1-1 growth was significantly improved (Fig. 1) . The allele-specific suppression of neo1-1 by VMA11 suggested that a screen for multicopy suppressors of neo1-2 would recover a different set of suppressors.
YPT7 overexpression suppresses neo1-2
The neo1-2 strain was transformed with a multicopy genomic library and a clone was isolated that partially suppressed the neo1-2 growth defect at 37 C ( Fig. 2A, 2m clone ). This genomic library clone carried a fragment of chromosome XIII containing several genes. Each gene was subcloned and tested for suppression of neo1-2 and only YPT7 was capable of conferring suppression ( Fig. 2A, 2m YPT7 and unpublished observations) . Surprisingly, even a single extra copy of YPT7 carried on a centromere-based plasmid suppressed the neo1-2 growth defect at 37 C ( Fig. 2A, cen YPT7) . In contrast, YPT7 failed to suppress the neo1-1 growth defect at 37 C or at a semipermissive ts mutants (YWY148-155) carrying either empty vector or single copy YPT7 were spotted on SD-Leu plates at permissive (27 C) or semi-permissive temperatures (30 C, 34 C) to test for suppression. (E) Plasmid shuffling assay with a neo1D strain (YWY10) to exchange pRS416-NEO1 for an empty LEU2-marked plasmid (vector), or this LEU2 plasmids carrying carrying NEO1 or YPT7. The medium containing 5-FOA counter-selects the URA3-marked plasmid and only cells that carry complementing or suppressing LEU2 plasmids will grow. (E) Growth of neo1Dypt7D double mutants carrying NEO1, neo1-1 or neo1-2 plasmids (YWY129,133,134) was compared to neo1D single mutants with neo1-1 and neo1-2 ts alleles on plasmids (YWY160,161).
temperature of 30 C ( Fig. 2B and C) . To further test the allele specificity of suppression, YPT7 or an empty vector was used to transform all 6 independently isolated neo1 ts mutants (neo1-1 -neo1-6, 12 ). Of this group, a single extra copy of YPT7 partially suppressed neo1-2, neo1-3 and neo1-4, but no suppression was observed for neo1-5 and neo1-6 (Fig. 2C ). While many of the mutations cluster near each other in the large cytosolic domains, there are no common mutations between neo1-2, neo1-3 and neo1-4 that could provide a simple explanation for the allele-specific suppression by YPT7.
12
To test if YPT7 could suppress the lethality caused by deletion of NEO1, we generated haploid neo1D strains covered by NEO1 on a URA3-marked plasmid and harboring the same set of YPT7 clones on LEU2-marked plasmids. These strains were serially diluted onto medium containing 5-fluoro-orotic acid (5-FOA) to select for cells capable of losing the NEO1-URA3 plasmid. Only the strain carrying a wild-type NEO1-LEU2 control plasmid was able to grow on 5-FOA, while the strains carrying an empty LEU2 vector or the indicated YPT7 clones failed to grow (Fig. 2D ). This result indicates that YPT7 cannot bypass the essential function of NEO1. We then asked if removing YPT7 would have the opposite effect and exacerbate neo1-2 growth defects. For this experiment, we used neo1D and neo1D ypt7D strains expressing NEO1, neo1-1 or neo1-2 from plasmids. However, no difference in growth was observed for neo1-1 or neo1-2 in the presence or absence of YPT7 (Fig. 2E ).
Neo1 localization to Golgi and endosomes
The allele-specific suppression of neo1-2 by YPT7 could suggest a direct interaction between the encoded proteins. However, Ypt7 localizes to the vacuole where it regulates membrane fusion reactions and Neo1 has not been reported to localize to the vacuole. [12] [13] [14] 30 However, Neo1 is weakly expressed and localization experiments with functional, epitope-or GFPtagged forms of Neo1 expressed at endogenous levels reported a broad localization in the ER, Golgi and endosomes, but may have missed a minor fraction of Neo1 in the vacuole membrane. Therefore, we tested if overexpression of a functional, GFP-tagged Neo1 would allow us to detect any Neo1 in the vacuole membrane. GFP-Neo1 (N-terminally tagged) expressed from the moderate-strength alcohol dehydrogenase (ADH) promoter 31 co-localized partially with markers of the early Golgi (COP1-mKate), medial Golgi (Aur1-mKate) and late Golgi (Sec7-mKate) (Fig. 3A-C) . 32 The Pearson's correlation coefficient (r) was slightly higher for the GFP-Neo1 and Aur1-mKate pair perhaps indicating preferential localization of GFPNeo1 to the medial Golgi at this level of expression.
GFP-Neo1 was also detected in late endosomes marked with DsRed-FYVE (Fig. 3D) , 33 although only 33% of the cells showed co-localization of GFP-Neo1 with the late endosome marker while every cell showed co-localization with the Golgi markers. A C-terminally epitope tagged form of Neo1 was previously detected in the ER and Golgi, 12 but GFP-Neo1 was not detected in the ER even though it was more highly expressed. Importantly, GFP-Neo1 was not detected in the vacuole membrane (marked with a "v" in a few of the cells in Fig. 3) at the moderate expression level driven by the ADH promoter. To drive very high expression, we placed GFP-NEO1 under control of the strong glycerol 3-phosphate dehydrogenase (GPD) promoter 31 and expressed the construct from a multicopy plasmid. With these conditions, we can detect vacuole membrane localization of GFP-Neo1 (Fig. 3E , compare the rings of GFP-Neo1 fluorescence to the vacuoles in the DIC image that appear as large depressions in the cells). GFP-Neo1 also localized strongly to a structure adjacent to the vacuoles (arrowheads), which are likely prevacuolar endosomes. Thus, we can only detect GFP-Neo1 in the vacuole membrane when it is expressed at very high, nonphysiological levels.
The observation that GFP-Neo1 mislocalized to the vacuole membrane when highly overexpressed suggested that a saturable retention or retrieval mechanism was acting to maintain a steady-state localization in the Golgi. Because GFP-Neo1 appears to traffic into the late endosome, we tested if retromer was involved in the localization of Neo1. GFP-Neo1 expressed from the ADH promoter was readily detected in the vacuole membrane of vps35D cells that are deficient for a retromer subunit (Fig. 4A ). In contrast, 2 related P4-ATPases, GFP-Drs2 and GFP-Dnf1, 34 were not mislocalized to the vacuole in vps35D cells, suggesting that they do not traffic into the late endosome (Fig. 4B ). These data suggest that Neo1 is a cargo of retromer and is retrieved from the late endosome to the Golgi to prevent missorting to the vacuole.
YPT7 suppresses the fragmented vacuole phenotype of neo1-2
We next examined vacuole morphology in neo1-ts cells and asked if YPT7 overexpression could suppress the fragmented vacuole phenotype of these mutants. WT, neo1-1 and neo1-2 cells expressing YPT7 or an empty vector were grown at the permissive temperature of 30 C and stained with FM4-64 to visualize vacuoles. The WT cells exhibited an average of 2.4 vacuoles per cell while the neo1-1 and neo1-2 exhibited 3.25 and 3.6 vacuoles per cell, respectively (Fig. 5) . YPT7 expressed from single-copy (cen) or multicopy (2 m) vectors suppressed the fragmented vacuole phenotype to WT values in neo1-2 cells (Fig. 5A and B) , but not neo1-1 cells (Fig. 5C and D) . Therefore, the defect in vacuole fusion caused by neo1-2 can be overcome by modest overexpression of YPT7.
Disruption of YPT7 causes highly fragmented vacuoles 30 and it is possible that neo1 mutants expressed lower amounts of Ypt7 relative to WT cells, which led to vacuole fragmentation. However, quantitative western blotting showed no significant difference in Ypt7 levels between WT, neo1-1 and neo1-2 strains ( Fig. 5E and F) . Cells carrying an additional copy of YPT7 on centromere-based plasmids expressed 3-fold more Ypt7 than WT cells, providing an explanation for the dosage suppression by the low copy plasmids. The slightly higher expression of Ypt7 from the plasmids in neo1-2 relative to neo1-1 (compare lane 4 to lane 6) is unlikely to be the cause of the allele-specific suppression because even higher Ypt7 expression from a multicopy plasmid failed to suppress neo1-1 growth defects (Fig. 2) . It is also possible that YPT7 overexpression may somehow protect the mutant Neo1-2 protein from thermal inactivation, thereby conferring suppression. If this is the case, then all e1228791-4phenotypes exhibited by neo1-2 should be suppressed. Inactivation of Neo1 leads to a defect in the COPI-dependent transport of Rer1-GFP from the Golgi to the ER and mislocalization of this reporter to the vacuole. 12, 35 We examined Rer1-GFP trafficking in neo1-2 cells with or without YPT7 and could not detect any suppression of the Rer1-GFP trafficking defect (Fig. 6) . For these data, we found cells in the population with primarily one large vacuole to display to avoid the confounding affect of vacuole morphological changes.
PE deficiency cause vacuole fragmentation
Inactivation of Neo1 causes a loss of plasma membrane asymmetry for both PS and PE, although the interleaflet distribution of PE is more strongly affected than PS. 17 PE has also been implicated in membrane fusion reactions driven by the vacuolar SNARE proteins. 24 Therefore, it seemed likely that the fragmented vacuole phenotype in neo1-ts cells was caused by perturbation of PE distribution. If so, then other means of reducing PE in the vacuole membrane should also lead to fragmented vacuoles. PE is an essential lipid in budding yeast and is synthesized primarily by decarboxylation of PS and by the Kennedy salvage pathway using ethanolamine as a precursor (Fig. 7A) . 36 To determine if PE deficiency in vivo influences vacuolar morphology, we stained cells deficient for the PS decarboxylases (psd1D, psd2D and psd1D psd2D) with FM4-64. As predicted, deletion of PSD1, encoding the mitochondrial PS decarboxylase that synthesizes more than half of the total Figure 3 . Localization of GFP tagged Neo1p at different levels of expression. (A-C) The construct pRS313-P Adh -GFP-NEO1 was transformed into strains harboring different Golgi markers genomically tagged with mKate in the BY4742 background (YWY208-210) and imaged. The Pearson's correlation coefficient (r) was determined using imageJ's co-localization function. (D) A neo1D strain harboring pRS313-P Adh -GFP-NEO1 (which functionally complements neo1D to support growth) and pRS425-DsRED-FYVE (late endosomal marker)(YWY128) was imaged. Arrows indicate the overlap between GFP-Neo1 decorated puncta and DsRED-FYVE decorated late endosomes. (E) GFP-NEO1 was highly overexpressed from the GPD promoter in neo1D cells (YWY172) and imaged. All strains were cultured overnight and sub-cultured the next morning at 30 C. Cells were harvested at A 600 »0.6 and imaged. cellular PE, 36 resulted in significantly fragmented vacuoles as compared to WT cells. Deletion of PSD2, encoding a Golgi/ endosomal PS decarboxylase with a minor contribution to total PE content (»5%), 36, 37 resulted in no significant difference in vacuole number compared to WT cells ( Fig. 7B and C) .
Deletion of PSD1 and PSD2 resulted in highly fragmented vacuoles with »90% of the cells displaying 5 or more vacuoles ( Fig. 7D and E) .
PE can be further processed through methylation to PC and so psd1D psd2D diminishes both PE and PC levels in the cells. Figure 6 . YPT7 does not suppress the neo1-2 Rer1-GFP protein transport defect. neo1-2 strains expressing Rer1-GFP and harboring an empty vector or single copy YPT7 (YWY177-178) was cultured overnight and sub-cultured the next morning at 27 C. After reaching log growth phase, an equal amount of cells were shifted to 30 C or 37 C for 2 hours. A neo1D pRS313-NEO1 strain (YWY176) expressing Rer1-GFP was imaged as a control. To distinguish whether a reduction in PE or PC, or an increase in PS, caused vacuole fragmentation in psd1D psd2D cells, we tested if supplementation of cells with choline (cho) or ethanolamine (etn) to increase flux through the salvage pathways could suppress this phenotype. Choline supplementation modestly decreased the number of vacuoles per psd1D psd2D cell. In contrast, ethanolamine supplementation to stimulate PE synthesis dramatically decreased vacuole number ( Fig. 7D and E) . Thus, reduced PE content of the cells rather than reduced PC or increased PS caused the vacuole fragmentation. Deletion of the PS synthase gene (CHO1) eliminates PS and reduces flux to PE and PC through the de novo synthesis pathway (Fig. 7A) . Growth of cho1D cells requires supplementation with either choline or ethanolamine and cells grown on choline to support PC synthesis have highly fragmented vacuoles ( Fig. 8A and B) , comparable to psd1D psd2D cells. Again, ethanolamine supplementation to increase PE synthesis through the salvage pathway significantly reduced vacuole number in cho1D cells, although not as effectively as observed for psd1D psd2D cells. Together, these data indicate that PE is a crucial membrane lipid for vacuole fusion events in vivo, even in the absence of PS.
Deletion of PSD1 alone produces a fragmented vacuole phenotype that is similar to neo1-2. Therefore, we tested if overexpression of YPT7 could suppress the fragmented vacuole phenotype of psd1D cells. Surprisingly, we found no significant difference in average vacuole number between psd1D cells with or without additional copies of YPT7 (Fig. 9) . We also tested if ethanolamine supplementation could suppress the neo1-2 vacuole fragmentation phenotype, but surprisingly found no significant suppression (Fig. 10A and B) . However, modest overexpression of PSD2 (carried on a single-copy plasmid and expressed from the ADH promoter) was able to significantly suppress the fragmented vacuole phenotype of neo1-2 ( Fig. 10A and B) , although growth of neo1-2 at 37 C was only marginally improved by PSD2 overexpression (Fig. 10C) . These data are consistent with PE being a key lipid in vacuole fusion.
In addition to its role in vacuolar fusion, Ypt7 recruits Vps39 to the vacuole membrane to facilitate formation of a membrane contact site between the vacuole and mitochondria called vCLAMP (vacuole and mitochondria patch), a structure that may allow transfer of PE from the mitochondria to the vacuole membrane. Thus, it was possible that YPT7 overexpression suppressed vacuole fragmentation in neo1-2 cells by enhancing the formation of vCLAMP. In this case, we would also expect VPS39 overexpression to suppress neo1-2. However, VPS39 overexpression failed to suppress neo1-2 growth defects. VPS39 also failed to enhance neo1-2 suppression when co-expressed with YPT7 (Fig. 11) . Thus, it is unlikely that Ypt7 suppresses neo1-2 by enhancing formation of vCLAMP.
Discussion
PE has been implicated in vacuole membrane fusion based on in vitro liposome-based assays that reconstitutes SNAREdependent fusion. 24 Here we report that PE also plays a crucial role in vacuole membrane fusion in vivo. Deletion of PSD1, encoding a mitochondrial PS decarboxylase responsible for synthesis of »50% of the vacuolar PE, 37 causes vacuole fragmentation. Even though Psd2 localizes to endosomal membranes, it only makes a modest contribution (»5%) to vacuole PE levels 37 and the psd2D mutant does not display fragmented vacuoles. Deletion of both PSD1 and PSD2 causes severe vacuole fragmentation, but supplementing these cells with ethanolamine to stimulate PE synthesis through the Kennedy pathway markedly suppresses the fragmentation phenotype (Fig. 7) . Neo1 mutants also cause fragmented vacuoles and a loss of PS and PE asymmetry. The observation that Psd2 overexpression (which should enhance PE levels at the expense of PS) suppresses the vacuole fragmentation in neo1-2 strongly suggests it is a perturbation of PE in the vacuole membrane that initially causes the fragmented vacuole phenotype. These results demonstrate an important role for PE in vacuole fusion and imply that inactivation of Neo1 perturbs PE availability to the fusion machinery in the vacuole membrane.
Budding yeast strains harboring a disruption of NEO1 are inviable in spite of the presence of 4 additional P4-ATPases (Drs2, Dnf1, Dnf2 and Dnf3) that traffic through the Golgi and endosomal system where Neo1 resides. Among the budding yeast P4-ATPases, neo1 mutations uniquely cause vacuole fragmentation and deletion of other P4-ATPases genes, alone or in combination, does not lead to a comparable fragmented vacuolar phenotype. 11 Interestingly, both dnf1D dnf2D and neo1-ts mutants substantially hyperacidify vacuoles, yet the dnf1D dnf2D cells have 1 -3 large vacuoles per cell, as do WT cells. 18 These observations suggest that Neo1 has a unique substrate that is specifically required for vacuole fusion, most likely PE, but shares a substrate with Dnf1 and Dnf2 that influences vacuolar pH. While Dnf1 and Dnf2 translocate fluorescent derivatives of PE efficiently, these P4-ATPases may preferentially transport lysoPE bearing a single fatty acyl chain and perhaps it is loss of lysoPE asymmetry that influences vacuolar pH. 1 Dnf3 is reported to flip PE, 38 but this protein is very weakly expressed in budding yeast grown in standard laboratory conditions. 11 Drs2 is the major PS flippase in yeast and may also have a weak activity toward PE, 39 but Drs2 clearly cannot compensate for the loss of Neo1. 17 We speculate that Neo1 is the primary flippase for dually acylated PE in yeast and is needed to concentrate PE on the cytosolic leaflet of Golgi and late endosomes.
None of the P4-ATPases, including Neo1, localize to the vacuole membrane when expressed at endogenous levels or when modestly overexpressed. 11, 12, 14, 40, 41 Neo1 primarily localizes to the Golgi and we could only detect GFP-Neo1 in the vacuole membrane when expressed from a very strong GPD promoter on a multicopy plasmid, which should generate more than 100-fold more Neo1 than WT cells. 31 Mutation of a retromer component involved in late endosome to Golgi retrieval of proteins also led to vacuolar localization at more modest levels of Neo1 expression. Therefore, it seems unlikely that Neo1 is functionally present in the vacuole membrane of WT cells, or that the suppression of neo1-ts by Ypt7 overexpression is mediated by a direct interaction between the Neo1 and the vacuolar localized Ypt7. It is more likely that PE traveling the secretory pathway toward the vacuole is concentrated in the cytosolic leaflet by Neo1 at the level of the Golgi or late endosome prior to arrival at the vacuole. Loss of Neo1 activity could therefore lead to less PE in the cytosolic leaflet of the vacuoles. It is also possible that sorting of SNAREs involved in vacuolar fusion is partially perturbed by neo1 ts mutants at the level of the endosomes or Golgi, thereby reducing their concentration in the vacuolar membrane leading to reduced fusion. In this case, increasing Ypt7 or PE concentration on the vacuole may restore wild-type kinetics of fusion with fewer SNAREs.
The observation that only certain neo1 ts alleles (neo1-2, neo1-3, and neo1-4) can be suppressed by Ypt7 overexpression may reflect the degree to which PE concentration in the vacuolar membrane cytosolic leaflet is perturbed by the neo1 ts mutant. Ypt7 may only suppress neo1 ts mutants that reduce PE levels just below a threshold needed for efficient SNARE-mediated fusion. More severely affected mutants, such as neo1- 1 17 or psd1D 37 may have too little PE in the membranes to support efficient fusion regardless of the Ypt7 concentration. It is also possible that the neo1 mutations that are suppressed by YPT7 alter substrate preference in a unique manner. For example, Neo1 might transport several different phospholipid species differing in either headgroup or acyl chain composition (length and number of double bonds) and the mutations may change these patterns of recognition. Similarly, we find that overexpression of VMA11 suppresses neo1-1 better than it suppresses neo1-2. Clearly these neo1-1 and neo1-2 mutations are differentially affecting Neo1 functions and defining the nature of these differences is an important goal.
The observed suppression of neo1-2 by YPT7 overexpression could imply that cytosolic PE influences Ypt7 activity in vacuole fusion. This could occur through a direct interaction of Ypt7 with PE, or by an influence of PE on the Ypt7 GEF (Mon1-Ccz1 heterodimer) and/or GAP (Gyp1 or Gyp7). However, the vacuolar SNARE-dependent liposome fusion assay requires PE when reconstituted with Ypt7-GTP in the absence of the Ypt7 GEF and GAP, indicating that PE has an important role in vacuole fusion downstream of Ypt7 activation. 42 The conically-shaped PE molecule is thought to produce packing defects in the monolayer that facilitate initiation of a hemifusion intermediate driven by zippering of v-SNARE and tSNAREs in apposing membranes. 19, 25 One explanation for the suppression of neo1-2 by Ypt7 is that a concentration of PE that is suboptimal to support efficient SNARE catalyzed fusion can be overcome by increasing Ypt7-GTP and HOPS concentration on the vacuolar membrane to enhance tethering and SNARE assembly.
Further tests of the hypotheses described herein will require development of probes that can be used to measure the transbilayer distribution of PE in vacuolar membranes of living cells. Alternatively, it would be necessary to reconstitute vacuolar membrane fusion in a proteoliposome system of not only defined composition, but with also an asymmetric distribution of PE between the lumenal and cytosolic leaflet. Because of these technical limitations, we cannot definitively conclude that the fusion defect is caused by the loss of vacuole membrane PE asymmetry in neo1 ts mutants. However, we can conclude that perturbations in PE metabolism disrupt vacuole fusion in vivo.
Materials and methods

Media, plasmids and strains
Yeast strains were maintained in complete medium (YP, 1% yeast extract, 2% peptone) or synthetic minimal (SM) medium Figure 11 . Overexpression of VPS39 fails to suppress neo1-2 growth defects. neo1-2 strains (from top to bottom: MTY10-39, MTY144-39, MTY158-39 and MTY200-39) expressing the indicated multicopy constructs were grown with serial dilution at the temperatures indicated.
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supplemented with 2% glucose. Sporulation was performed by culturing cells in presporulation media (0.8% yeast extract, 0.3% peptone, 10% glucose) until saturation before shifting to sporulation media (1% KOAc, 0.1% yeast extract, 0.05% glucose) for 3-7 d at 30 C. For random sporulation analysis, sporulated cells were treated with 0.8% glusulase for 15 minutes and then vortexed with equal amount of ether for 30 seconds. The spores were then spread on selective plates.
Plasmids used in this study are listed in Table S1 . A NEO1 genomic DNA fragment with 518 bp upstream and 126 bp downstream of the NEO1 open reading frame (ORF) was amplified from yeast genomic DNA using primers containing BamHI and XhoI restriction sites and cloned into pRS416 to generate pRS416-NEO1. The same NEO1 fragment was cloned into pRS315 to generate pRS315-NEO1. The restriction sites used in pRS315 were BamHI and SalI, therefore both XhoI and SalI sites were destroyed when NEO1 was inserted. The NEO1 coding sequence was amplified from pRS416-NEO1 using primers containing BamHI and SalI sites and cloned into pRS413-P NEO1 . 43 For pRS413-P ADH -GFP-NEO1, GFP was amplified from pEGFP-C1 (clontech) using primers containing XbaI and BamHI sites and digested with indicated enzymes, NEO1 coding sequence was removed from pRS413-P NEO1 -NEO1 using BamHI and SalI, and pRS413-P ADH was digested with XbaI and SalI. These three pieces were then ligated. The GFP-NEO1 fragment was released from pRS413-P ADH -GFP-NEO1 using XbaI and SalI, and ligated into pRS423-P GPD digested with SpeI and SalI. All constructs carrying GFP-tagged Neo1 fully supported growth of a neo1D strain, indicating that GFP-Neo1 is functional. A YPT7 genomic DNA fragment with 501 bp upstream and 153 bp downstream of coding sequence was amplified from yeast genomic DNA using primers containing BamHI and SalI sites and cloned into pRS315 and pRS425 to generate pRS315-YPT7 and pRS425-YPT7.
The same strategy used to generate pRS413-P ADH -GFP-NEO1 was used to generate pRS416-P ADH -GFP-YPT7. The GFP fragment was amplified from pYM-N13 44 using primers containing BamHI and HindIII sites, the YPT7 coding sequence was amplified from pRS315-YPT7 using primers containing HindIII and XhoI sites, and pRS416-P ADH was digested with BamHI and XhoI and 3 pieces were then ligated. The PSD2 coding sequence was amplified from yeast genomic DNA using primers containing EcoRI and SalI sites. The fragment was then digested and cloned into pRS416-P ADH . A genomic VPS39 region of 3.95kb was amplified with indicated primers and ligated to BamHI-SalI linearized pRS416 and pRS426 to generate pRS416-P VPS39 -VPS39 and pRS426-P VPS39 -VPS39 plasmids. All plasmid generated were confirmed by sequencing.
Yeast strains used in this study are listed in Table S2 . The plasmid pRS416-NEO1 was transformed into BY4743 neo1D and the resulting cells were sporulated. After random sporulation, spore YWY10 (MATa his3 leu2 met15 ura3 lys2 neo1DpRS416-NEO1) was selected on SD plates with G418 but lacking uracil. A plasmid-shuffling strategy was used to replace the plasmid pRS416-NEO1 in YWY10 with plasmids containing neo1 ts alleles. pRS413-neo1-1 and pRS413-neo1-2 was transformed into YWY10 and the resulting cells were selected with 5FOA to exclude pRS416-NEO1. The resulting strains were YWY160 and YWY161. Homologous recombination was used for disrupting YPT7 in YWY10. About 50-60 bp flanking homologous sequences immediately outside YPT7 ORF were introduced by PCR primers and the natNT2 cassette was amplified from pFA6a-natNT2. 44 The PCR product was transformed into YWY10 cells and colonies harboring successful recombination were selected on clonNAT plates and confirmed by genomic DNA PCR. The resulting strain was designated as YWY129.
Multicopy (2m) suppressor screen neo1-2 cells were transformed with 1 mg yeast genomic Tiling collection (GE, Dharmacon), 45 plated on SD-Leu plates and incubated at 37 C for 7-10 d. The surviving colonies were picked based on the colony size. The selected colonies were cultured at 30 C in suspension and plasmids were extracted. The mixed plasmids (pRS315-neo1-2 and a 2m plasmid) from each colony were transformed into E.coli. and screened with kanamycin to select the 2m plasmid. The 2m plasmid was then sequenced to identify the inserted genomic DNA fragment. Recovered 2m plasmids were also transformed back into neo1-2 cells to confirm the suppression of neo1-2 growth defect. The ORFs contained within the genomic DNA fragment with at least 500 bp upstream and 100 bp downstream sequences were amplified and individually cloned into pRS425 or pRS315. The resulting plasmids were transformed into neo1-2 cells to identify YPT7 as the ORF responsible for suppressing neo1-2 growth defects at 37 C.
Vacuole staining
The vacuole staining using FM4-64 was performed as previously described. 46 Briefly, cells were shaken with 32 mM of endocytic dye FM4-64 (Life Technologies) for 20 min in the dark in YPD at 30 C, after which cells were harvested at 5,000 rpm for 1 minute, then re-suspended in YPD and incubated with shaking for 60 min at 30 C. Cells were subsequently washed twice in phosphate buffered saline (PBS) containing 2% glucose before visualization. For vacuole quantification in cells with no or moderately fragmented vacuoles, about 100 cells were randomly selected. Total cell number and total recognizable vacuole number inside these cells were counted and the average vacuole number per cell was defined as total vacuole number divided by total cell number. This process was repeated 3 times for each strain. For vacuole quantification in cells with highly fragmented vacuoles, vacuole number per cell in a cell population was classified into 2 categories: cells with 1-4 vacuoles and cells with 5 or more vacuoles. Any cells with distinct FM4-64 staining but too many vacuoles to reliably count were classified into cells with 5 or more vacuoles.
Fluorescence microscopy
Cells were washed twice with PBS containing 2% glucose before imaging. Images were acquired on a Zeiss AxioPlan scope using a 63£ Plan-ApoChromat oil DIC objective (NA 1.40). A Cy3 or FITC filter was use for visualizing FM4-64 and DsRED or GFP respectively. Images were analyzed using ImageJ.
Western blots
Lysates from 0.1 OD 600 of cells were subjected to SDS-gel electrophoresis. Western blot analysis was performed using Rabbit anti-Ypt7 (1:1000) and mouse anti-a-tubulin (1:4000) antibodies. Secondary antibodies were used at a 1:3000 dilution. Membranes were scanned at 800 nm and 680 nm simultaneously using the Odyssey Infrared Imaging System. Median band intensities were quantified using the Odyssey software (LI-COR Biosciences).
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